Tight junction associated proteins are key molecular components governing cellular adhesion, polarity and glandular differentiation. Tight junction proteins also play critical roles in cellular proliferation and neoplastic pathways via their functions as couplers of the extracellular milieu to intracellular signaling pathways and the cytoskeleton. Neoplastic cells frequently exhibit structural and functional deficiencies in the tight junction. The purpose of this study was to determine the pattern of expression and prognostic value of four tight junction associated proteins, claudin-1, claudin-4, occludin and ZO-1 in a cohort of TNM stage II colon cancer using tissue microarray technology. In this study, we retrospectively analyzed, resected and otherwise untreated paraffin embedded specimens from 129 consecutive patients with TNM stage II colonic carcinomas for claudin-1, claudin-4, occludin and ZO-1 protein expression by immunohistochemistry. Seventy-five, 58, 56 and 44% of the tumors exhibited normal to elevated expression levels ( þ 2 and þ 3 immunopositivity) of claudin-1, claudin-4, occludin and ZO-1 respectively. Low expression levels of claudin-1 and ZO-1 were directly associated with higher tumor grade (P ¼ 0.05 and 0.03 respectively). Multivariate analysis indicated that lymphovascular invasion (P ¼ 0.01) and low levels of claudin-1 (P ¼ 0.0001) expression were independent predictors of recurrence and that reduced claudin-1 expression (P ¼ 0.0001) was associated with poor survival. This study is the first to comprehensively examine the expression of several tight junction associated proteins in colonic neoplasms and to correlate their expression with disease progression. Loss of claudin-1 expression proved to be a strong predictor of disease recurrence and poor patient survival in stage II colon cancer.
A hallmark of cancer is loss of cellular organization. The histological grade of colorectal carcinomas is an important prognostic variable and depends on the degree of glandular differentiation and cellular polarity. High-grade, poorly differentiated colorectal neoplasms are usually more aggressive than their low-grade, well-differentiated counterparts. 1 One of the key molecular components governing cellular adhesion and polarity is the tight junction. 2 Neoplastic cells frequently exhibit structural and functional deficiencies in the tight junction. [3] [4] [5] [6] In normal epithelia, the primary functions of the tight junction are to seal the apical intercellular spaces of glandular epithelia creating a barrier against the paracellular passage of macromolecules and to separate the plasma membrane into the apical and basolateral domains. 7, 8 It is hypothesized that tight junction proteins play critical roles in the neoplastic process via their roles as couplers of the extracellular milieu to intracellular signaling pathways and the cytoskeleton. 9, 10 Alterations in tight junction permeability may also allow increased diffusion of nutrients and other factors critical for tumor growth and survival. 11 In addition, loss of tight junction integrity may be an important step in the development of the metastatic phenotype. 12 The tight junction is comprised of integral proteins such as occludin, 13 and the claudin family of proteins, 14 as well as tight junction-associated proteins such as ZO-1. 15 Occludin is expressed ubiquitously in tight junctions and has been shown to contribute directly to tight junction function, whereas ZO-1 is thought to regulate occludin function. 13, 16 There are currently at least 24 known members of the claudin family, which are expressed in a tissue-specific pattern. 17, 18 Claudins bind to each other via two extracellular loops, 17 and also bind to ZO-1 via their carboxyl terminus. 19 ZO-1 in turn binds the tight junction to the actin cytoskeleton and interacts with several cell signaling and transcriptional regulatory proteins. 9, 10, 15 The characteristics of tight junctions differ in epithelia of various organs. These differences are related to different ratios of expression between the tight junction proteins in general as well as those of claudin family specifically.
Relatively few studies have examined the role of tight junction proteins in the development of colorectal neoplasia. Occludin and ZO-1 are downregulated in poorly differentiated colorectal adenocarcinomas, [20] [21] [22] whereas only one report has studied the level of claudin expression in colonic tumors. 23 To the best of our knowledge, no studies have correlated the expression of any of the tight junction proteins with patient survival in colorectal cancer, although one report has linked reduced ZO-1 expression and liver metastases. 21 In this study, we examine the expression of several members of the tight junction family; ZO-1, occludin, claudin-1 and claudin-4 in tissue microarrays constructed from a cohort of stage II colon cancer patients. Tissue microarrays are especially suitable for the immunohistochemical examination of multiple markers. 24 The simultaneous evaluation of multiple cases on each slide virtually eliminates slide-to-slide variation, which is an important factor contributing to variability in immunohistochemical studies. The expression levels of these tight junction proteins are correlated with each other, tumor grade, disease recurrence and patient survival.
Materials and methods

Patients and Specimens
Archival cases of TNM stage II colon cancer (not including rectal cancer) from 129 consecutive patients were retrieved nonselectively from the archives of the Department of Pathology at Rhode Island Hospital between the years of 1983 and 1994. Stage was defined according to American Joint Committee on Cancer criteria. 25 None of these patients received adjuvant chemotherapy or radiotherapy before surgery or after the initial resection. Recurrence and survival data were ascertained through the Rhode Island Tumor Registry. This study was approved by the Institutional Review Board at Rhode Island Hospital.
All tissue samples were formalin-fixed and paraffin-embedded. The corresponding H&E slides were reviewed for confirmation of diagnosis and adequacy of material by MR. Each case was classified by the pathologist (MR) according to grade (high or low), 25 mucinous differentiation (more than 50% of the tumor cells), and presence or absence of lymphovascular invasion.
Tissue Microarray Construction
Paraffin blocks containing areas consisting of pure invasive carcinoma were identified on corresponding H&E-stained sections. Areas of interest which represented the 'invasive front' of the tumor, rich in non-necrotic tumoral glands, were identified and marked on the source block. The source block was cored and a 1 mm core transferred to the recipient 'master block' using the Beecher Tissue Microarrayer (Beecher Instruments, Silver Spring, MD, USA). Three to six cores were arrayed per specimen.
Immunohistochemistry
Immunohistochemistry for each antigen (claudin-1, claudin-4, occludin and ZO-1) was performed on 5 mm paraffin sections of each colon cancer tissue microarray section described above. 
Immunohistochemistry Assessment
For scoring purposes, the intensity of staining of claudin-1-and claudin-4-expressing neoplastic cells was compared to that of normal colonic mucosa. Tumors that displayed a well-localized linear circumferential membranous staining pattern equal to that of normal colonic mucosa were scored as þ 2. Tumors exhibiting a more intense staining pattern than that of normal colonic mucosa were scored as þ 3, whereas tumors exhibiting a considerably lower intensity than normal mucosa were scored as þ 1. The scoring of the intensity of occludin and ZO-1 staining was performed similarly by comparing the staining of the neoplastic cells to the linear/ punctate pattern of staining seen at the apical surface of the normal colonic epithelium. The extent of staining (percentage of cells staining) was, for the most part, homogenous within each 1 mm core and, therefore, was not included as a variable.
At least three cores were scored per case. The analysis of three cores per case has been shown to be comparable to the analysis of the whole section in a recent study 26 and in a pilot validation study in our lab. The vast majority of cases exhibited a uniform degree of staining between all cores and in those that did not, an average score was determined. All sections were scored independently by MR without knowledge of the clinicopathological features or clinical outcome.
Statistical Analysis
For statistical evaluations, the immunohistochemical staining intensities were grouped as low (which included scores 0 and þ 1) and normal to elevated (which included scores þ 2 and þ 3). Associations between binary categories were analyzed using the w 2 test. The influence of prognostic factors on tumor-related recurrence as well as survival was assessed by Kaplan-Meier estimates, and subgroups were compared by the log-rank test for univariate analysis.
The multivariate Cox's proportional hazard model was applied using a stepwise forward method in order to detect independent predictors of recurrence/survival. Two-tailed P-values of 0.05 or less were considered to be statistically significant.
Results
Clinicopathological Features (Table 1) The mean age of the patients at initial surgery was 72.5 years (range, 31-96 years), 60 males and 69 females were included in this study. The mean duration of follow-up was 96 months. Of the tumors, 61 were right-sided and 68 were left-sided with the reference point being the splenic flexure. No rectal or rectosigmoid cases were included in this study. The degree of tumor differentiation as defined by the AJCC 25 was as follows: 18 high grade (poorly differentiated); 111 low grade (well differentiated); 26 mucinous; 103 nonmucinous. Evidence of lymphatic or vascular invasion was present in 11 cases.
The status of the patients and incidence of recurrent disease is also illustrated in Table 1 . In all, 22 patients had recurrent disease (seven local and 15 distal metastases). A total of 92 patients died during the follow-up period, 21 died of disease, and 55 of unrelated causes, whereas the cause of death for 16 patients was unclear.
Pattern of Expression of Tight Junction Proteins in Colonic Neoplasms
Normal colonic epithelium exhibited a circumferential membranous pattern of staining for claudin-1 and claudin-4. The immunohistochemical staining pattern of the colonic tumors for claudin-1 and claudin-4 was similar to that seen for the normal colonic mucosa, namely a circumferential membranous pattern of staining (Figure 1a, b) . A few tumors exhibited a weak cytoplasmic pattern of staining for the claudins. When present this was either weaker or equal to the concurrent membranous pattern. A more fragmented and weaker circumferential pattern of staining for these proteins was seen primarily in poorly differentiated tumors.
In optimally sectioned, normal colonic mucosa, ZO-1 and occludin were expressed at the apical border of the colonic epithelium in a linear pattern with a dot-like accentuation at the apical adhesion Claudin-1 expression in colon cancer MB Resnick et al site. In the well-differentiated gland-forming tumors occludin and ZO-1 were variably expressed at the apical cell border (Figure 1c, d) . No tumors exhibited a cytoplasmic staining pattern for occludin and two poorly differentiated tumors stained for ZO-1 in a weakly cytoplasmic pattern. A subset of poorly differentiated carcinomas exhibited a moderate to strong, segmental linear to dot-like membranous pattern of staining for occludin while a smaller subset exhibited a similar pattern for ZO-1. This staining pattern was accentuated around primitive lumina and at lateral cellular junctions (Figure 2 ).
The frequency of expression of the tight junctions evaluated is described in Table 2 . The vast majority of the colonic cancers exhibited some degree of staining for claudin-1, claudin-4 and occludin (98, 97 and 95%, respectively), whereas 21% of the tumors were negative for ZO-1. When stratifying the frequency of expression into two groups-low (0 and þ 1 immunopositivity) and normal to elevated ( þ 2 and þ 3 immunopositivity), 76, 58, 56 and 44% of the tumors exhibited normal to elevated expres- 
Correlation between Tight Junction Protein Expression and Other Clinicopathological Features
As shown in Table 3 , levels of claudin-1 and ZO-1 expression were inversely correlated with tumor grade (P ¼ 0.05 and 0.03, respectively). A strong inverse trend was detected between levels of occludin expression and tumor grade (P ¼ 0.06). No significant correlation was detected between the expression of any of the proteins studied with mucinous differentiation or lymphovascular invasion. Univariate analysis of recurrence (log-rank) (Table  4) revealed that high tumor grade (P ¼ 0.008), lymphovascular invasion (P ¼ 0.03) and low levels of claudin-1 expression (P ¼ o0.0001) were predictors of recurrence. Univariate analysis of survival (log-rank) (Table 4) revealed that reduced claudin-1 expression (P ¼ o0.0001) was associated with poor survival, whereas a strong trend (P ¼ 0.08) was found between tumor grade and survival.
Multivariate Cox analysis revealed that lymphovascular invasion and reduced claudin-1 staining were associated with recurrent disease, P ¼ 0.01 and 0.0001, respectively, whereas only reduced claudin-1 expression correlated with poor survival (P ¼ 0.0001). Kaplan-Meier plots illustrating the association of claudin-1 expression with recurrence and survival are shown in Figure 3a and b.
Discussion
Much is known regarding the function of tight junction proteins in the maintenance of normal glandular epithelial physiology; however, their role in the neoplastic process is less well defined. Relatively few studies have examined the expression pattern of claudins in human neoplasia in general or in colonic cancer specifically. To the best of our knowledge this is the first study which correlates claudin protein expression with disease recurrence or patient survival in any neoplasm. Claudin-1 mRNA levels have been shown to be reduced in breast cancer, 27 and claudin-23 levels downregulated in intestinal-type gastric cancer. 28 Similar to our study, loss of claudin-7 protein expression correlated with histological grade in invasive ductal carcinoma; 29 however, no correlation was detected between loss of claudin-7 protein expression and tumor stage or lymph-node metastases.
Only one report has examined the expression of claudins in colorectal neoplasia. 23 In a study limited to 16 colorectal cancers, Miwa et al 23 reported that claudin-1 is frequently upregulated in neoplastic tissue as compared to normal mucosa. The degree of differentiation of the tumors in this study was not described nor was the prognostic significance addressed. Similar to Miwa's study, the majority of tumors in our study (75%), exhibited claudin-1 protein expression levels equal or higher to that seen in the adjacent normal colonic mucosa. However, here we show that reduced claudin-1 expression correlated with poor differentiation, and perhaps more importantly, strongly correlated with disease recurrence and poor patient survival. Moreover, in our study loss of claudin-1 expression was a Table 2 Frequency of different levels of tight junction protein Claudin-1 expression in colon cancer MB Resnick et al stronger predictor of recurrence and survival than either lymphovascular invasion or grade. In this study, loss of claudin-4 expression was not associated with differentiation or prognosis. Paradoxically, levels of claudin-4 have been shown to be upregulated in pancreatic ductal carcinoma 30, 31 and in ovarian cancer. 32, 33 In vitro studies suggest that claudin-4 overexpression leads to decreased invasiveness and metastatic potential in pancreatic cancer. 34 Similar although less striking than claudin-1, the level of claudin-4 expression in the colonic tumors we studied was equal or stronger than the adjacent colonic mucosa in 58% of the tumors. It is not clear why reduced expression of claudin-1, but not claudin-4, correlated significantly with poor prognosis, however, this finding suggests that loss of certain claudins have greater impact on tumor aggression than others. This is not surprising as claudin proteins are differentially expressed in different tissues. 18 The fact that claudin-7 but not claudin-1, 3 and 4 is lost in higher grade breast cancers further supports this observation. 29 The effect of claudin loss on neoplastic progression via tight junction dismantling is easy to comprehend. It has also recently been shown that claudin-1 reexpression in vitro leads to apoptosis in breast cancer spheroids suggesting yet another mechanism whereby claudin loss may lead to tumor progression. 35 However, it is not quite as clear how upregulation of claudins may contribute to neoplastic progression. It is possible that upregulation or aberrant expression of a certain claudin may alter normal tight junction structure contributing to the neoplastic process. In support of this theory, Furuse et al 36 have shown that upregulation of claudin-2 in MDCK cells leads to decreased tight junction function. Based on our findings it can be hypothesized that increased claudin-1 expression may play a contributory role to the neoplastic process of welldifferentiated colonic tumors; however, loss of claudin-1 expression contributes to a poorly differentiated phenotype as well as to disease progression.
Few studies have examined the expression of occluding or ZO-1 in colorectal cancer. [20] [21] [22] Tobioka et al 22 determined that the expression of occludin, and Kimura et al 20 demonstrated that expression of both occludin and ZO-1 were decreased in solid, poorly differentiated areas of colorectal cancer. These two studies did not address the prognostic significance of ZO-1 or occludin loss. In a more recent report, Kaihara et al 21 examined the expression of ZO-1 and e-cadherin in colorectal cancer and found that their expression levels were inversely correlated with tumor differentiation and with metastases.
In this study, we also demonstrate that ZO-1 expression is inversely correlated with tumor grade whereas a strong trend was found between reduced occludin expression and poorly differentiated tumors. This observation may be related to the fact that more poorly differentiated tumors exhibited moderate to strong expression for occludin (7/19) , than for ZO-1 (4/19). These poorly differentiated tumors exhibited a segmental, linear to dot-like membranous pattern of staining, which was accentuated around primitive lumina and at lateral cellular junctions. Kleeff et al 37 also described a similar pattern of ZO-1 expression in poorly differentiated pancreatic cancer. The biological significance of this distribution pattern of occludin (or ZO-1) in poorly differentiated tumors is unclear.
One mechanism whereby tight junction proteins may be involved in neoplastic progression is through coupling of the extracellular milieu to intracellular signaling pathways and the cytoskeleton. Of all the tight junction-associated proteins examined here, the interactions of ZO-1 with proteins associated with the neoplastic process are probably the best characterized. ZO-1 interacts with Figure 3 Kaplan-Meier disease-free and survival analysis curves in colonic cancer for claudin-1 expression. (a) A strong association was detected between low expression levels of claudin-1 (0, þ 1) and disease recurrence. (b) A strong association was detected between low expression levels of claudin-1 (0, þ 1) and patient survival.
Claudin-1 expression in colon cancer
MB Resnick et al several signaling proteins such as the RAS substrate AF-6, 38,39 G-proteins 40 and connexin 43. 41 It has also been hypothesized that an intact tight junction protein complex may suppress tumorogenesis. In support of this hypothesis, Willott et al 42 reported that ZO-1 is homologous to the discs-large tumor suppressor protein dlg of Drosophila. Mutation of dlg leads to loss of epithelial polarity and to the development of neoplasia. Dlg has also been shown to bind with the adenomatous polyposis coli gene product whose role as a tumor suppressor gene in colonic cancer is well defined. 43 ZO-1 also binds bcatenin. 44 Loss of ZO-1 may lead to transfer of bcatenin to the nucleus where it has been shown to function as a transcription factor. 45 Finally, activation of EGF-R, which is commonly seen in colorectal cancer, leads to tyrosine phosphorylation of ZO-1. 46 It has been suggested that phosphorylation of ZO-1 leads to downregulation of function and glandular dedifferentiation. 46 The expression level of claudin-1 may prove to be a useful prognostic marker for colon cancer in general and stage II colon cancer specifically. This is especially critical for determining which stage II colon cancer patients should receive adjuvant therapy. Despite the fact that 60-75% of patients with stage II colon cancer are cured with surgery alone and most patients are not treated with adjuvant chemotherapy, some patients may receive chemotherapy unnecessarily while others, who may benefit from it, are not treated. 47 This study is the first to examine comprehensively the expression of several tight junctionassociated proteins in colonic neoplasms and to correlate their expression with disease progression in a cohort of stage II colonic cancer patients. Reduced expression of claudin-1 and ZO-1 was significantly associated with poorly differentiated tumors. Loss of claudin-1 expression was a strong predictor of disease recurrence and poor patient survival in stage II colon cancer and we propose its use as a novel prognostic factor in colonic cancer.
